
Abstract. Celecoxib, a selective inhibitor of cyclooxygenase-
2 (Cox-2), was efficacious in clinical prevention trials of
patients with familial adenomatous polyposis (FAP) and
sporadic colorectal cancer. To identify as yet poorly defined
molecular determinants of celecoxib efficacy, a multi-
dimensional serum fractionation approach was used coupled
with nanospray tandem mass spectrometry to perform label-
free global proteomic profiling of serum samples from the
FAP/celecoxib prevention trial. Subsequently, the application
of an algorithm for large-scale biomarker discovery on
comparative serum proteomic profiles of pre- and post-
celecoxib treatment samples identified 83 potentially celecoxib-
responsive proteins from various cellular compartments,
biological processes and molecular functions. Celecoxib
modulation of some of these proteins was confirmed in serum
samples of FAP patients and colorectal cancer cell lines by
Western blotting. Thus, using a shotgun procedure to rapidly
identify important celecoxib-modulated proteins, this pilot study
has uncovered novel systemic changes some of which are
highly relevant for carcinogenesis and vascular biology.
Validation of selected markers, especially those involved in key

signaling networks and those considered molecular indicators
of cardiovascular pathology, in larger celecoxib clinical trials
is expected to provide insights into the molecular mechanisms
of celecoxib and the efficacy/toxicity issues related to its use as
a chemopreventive agent.

Familial adenomatous polyposis (FAP) patients carry a germ-
line mutation in the adenomatous polyposis coli gene and
develop numerous adenomatous polyps which invariably
progress to colorectal cancer. The therapeutic approach directed
against the enzyme cyclooxygenase-2 (Cox-2), which is
overexpressed in about 50%  of adenomatous polyps, has
shown success in FAP patients. Treatment of FAP patients with
celecoxib, a selective inhibitor of Cox-2, in a randomized
clinical prevention study resulted in a significant reduction in
the polyp burden (1). Subsequently, celecoxib has shown
anticancer potential in clinical trials of sporadic adenomas
albeit with an increased risk of adverse cardiovascular events
following its long-term use (2, 3). The molecular mechanisms
underlying the growth-inhibitory activity or cardiovascular
toxicity of celecoxib remain poorly defined. Despite its
selectivity for Cox-2, modulation of several non-Cox-2 targets
by celecoxib has also been widely recognized. 

Recent advances in global proteomic profiling
technologies may enable the identification of celecoxib-
mediated proteomic changes in the sera of patients treated
with celecoxib. Several mass spectrometry-based approaches
have been employed for profiling the human plasma/serum
proteome that often use front-end depletion of high-
abundance proteins or sub-proteome fractionation to
overcome the wide dynamic range of serum proteins (4-7).
For quantitative protein estimation, labeling with stable
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isotopes is often the method of choice (8, 9). The
combination of depletion and labeling strategies certainly
enhances the discovery of novel serological biomarkers, but
also introduces unknown variability, loss of information and
the high cost of isotope labeling. More recently, alternative
label-free approaches for global quantification of
differentially expressed proteins in complex proteomes have
been reported (10-14). 

Previously, we have used a global proteomic profiling
technology, two-dimensional differential gel electrophoresis,
and identified wide-ranging, celecoxib-mediated Cox-2-
independent quantitative changes in a Cox-2-deficient
colorectal cancer cell line (15). In this investigation, another
previously described tandem liquid chromatography in
conjunction with tandem mass spectrometry (LC/LC/MS/MS)
method of label-free quantification (16-18) was used and an
algorithm was developed to identify large-scale expression
changes in the serum proteins of FAP patients following
treatment with celecoxib. 

Materials and Methods

Serum samples. The FAP/celecoxib clinical trial along with the
baseline characteristics of patients and treatment outcome have been
described in detail elsewhere (1). The baseline serum samples prior
to the start of treatment from four FAP patients enrolled at the MD
Anderson Cancer Center and after treatment with 400 mg twice
daily dose of celecoxib for six months were used in this analysis.
The serum samples were stored in aliquots of 10 μl at –80˚C before
analysis.

Experimental design. Trypsin-digested serum samples, in duplicate,
were subjected to multidimensional LC/LC/MS/MS and the
fragmentation spectra were searched for protein identification.
Subsequently, cross-comparison of all the pre- and post-treatment
samples analyzed resulted in the identification of potential
celecoxib-modulated proteins. A few selected putative celecoxib-
modulated proteins were validated by Western blotting either in the
patients’ serum samples or in celecoxib-treated colorectal cancer
cell lines.

LC/LC/MS/MS profiling of serum proteome. Separation of the tryptic
peptides by two-dimensional liquid chromatography using a strong
cation exchange (SCX) column in the first dimension and a
reversed-phase (RP) microcapillary column in the second dimension
has been described elsewhere (17). Elution of peptides with
increasing salt concentrations and MS/MS analysis by an LCQ Deca
XP Plus ion trap mass spectrometer (Thermo Fischer Scientific Inc.,
San Jose, CA, USA) was also as described elsewhere (17). The
protein identification was performed using the TurboSequest
algorithm in the Bioworks 3.1 software package (Thermo Fischer
Scientific Inc., San Jose, CA, USA) and the Swiss-Prot database
(Swiss Institute of Bioinformatics, Geneva, Switzerland). The
identified peptides were further evaluated using charge state versus
cross-correlation number (Xcorr). SEQUEST results were filtered
for false-positive identifications; the criteria for positive
identification of peptides being Xcorr >1.5 for singly charged ions,

Xcorr >2.0 for doubly charged ions, and Xcorr >2.5 for triply
charged ions. Only the best matches were considered. The peak
areas of all the identified peptides were calculated using Thermo
Fischer Scientific Inc. propriety software. The peak intensity of the
precursor mass (±2 Da) in close vicinity of the identification (±60
scans = ±30 s) was added. The threshold was set to 106 below
which the intensities were not added to the total peak area. The
ratios of the calculated peak areas were used to calculate the relative
protein concentration in the pre- and post-treatment groups. 

Data analysis. The integrated areas from the pre- and post-treatment
samples were first scaled to ensure a reasonable comparison. The
scaling was based on the assumption that the serum concentrations,
and therefore peak areas, of most protein fragments would be
unchanged due to celecoxib treatment. Using the first pre-treatment
analysis as the base, each time the same peptide ion from the same
salt fraction was identified, a scaling factor equal to the ratio of the
areas was determined. The resulting list of ratios for common PSC
(peptide fragment, salt concentration, charge) species was used to
determine the most likely ratio, which was then used to scale the
selected analysis relative to the first. Peptide ratios of all PSCs from
the same protein were combined and used to calculate an average
log-ratio and its standard deviation. Student’s t-test was used to
determine the probability that the set of log ratios had a mean value
of zero (i.e. no change in the protein concentration due to
celecoxib). An additional requirement was the presence of at least
10 log ratios needed to obtain a reasonable estimation of the mean
and standard deviation needed for the t-test. The proteins without
10 log ratios were considered up- or down-regulated if the ratio of
post-to-pre or pre-to-post PSC observations was greater than four,
respectively. A more complete description of this analysis is posted
on http://www.abcc.ncifcrf.gov/supp material.shtml

Pathway analysis. Classification and functional enrichment analysis
of the identified proteins were performed using the in-house WPS
software (19) for the biological processes and cellular component
of Gene Ontology (http://www.geneontology.org/). The identified
proteins were also analyzed by the Ingenuity Pathway Analysis
(IPA) tool (Ingenuity Systems, Redwood City, CA, USA) for their
functional significance and in the context of biological association
networks. 

Western blot analysis. Equal quantities of pre- and post-treatment
FAP patients’ serum samples or the cell lysates from control or
celecoxib-treated colorectal cancer cell lines, HCA-7 and HCT-116
(15), were subjected to Western blotting. The following antibodies
were used: anti-Apo A-II, anti-PRDX3 (US Biologicals,
Swampscot, MA, USA), anti-ApoA-IV, anti-CD72 and anti-ATM
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-
mTOR (Cell Signalling, Danvers, MA, USA), anti-DNA ligase3,
anti-SMAD2/3 (BD Biosciences, San Diego, CA, USA) and anti-
actin (Amersham, Piscataway, NJ, USA). 

Results

Identification of serum proteins in FAP patients. A total
number of 7,716 and 8,631 peptides were identified in the
pre- and post-treatment samples respectively, resulting in the
non-redundant identification of 885 proteins. A large fraction
of these proteins (46.4% ) was identified by a single peptide
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observation. Identification of 25%  of the proteins was based
upon 2-3 peptides, and ~29%  of proteins were identified by
4 to >25 peptides. A stringent criterion was set for positive
identifications namely, proteins were identified by four
unique peptides or by the same peptide in four or more
analyses eluting at the same salt step and charge state (PSC)

in one or more pre- or post-treatment runs. Using this
criterion, the shotgun LC/LC/MS/MS analysis of the serum
samples from the four FAP patients before and after
treatment with celecoxib resulted in the identification of 252
proteins with at least four PSC observations (Supplemental
Table I, http://www.abcc.ncifcrf.gov/supp_material.shtml).
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Table I. Celecoxib-modulated proteins in FAP serum samples based upon peptide ratios+.

Protein p-value Mean Ln (Post/Pre) SD #Ratios

APO A, human apolipoprotein A precursor <0.025 1.26 0.759 12
CFAI, human complement factor I precursor <0.025 1.17 0.987 10
mTOR/FRAP, human fkbp-rapamycin associated protein <0.025 0.648 0.310 12
KCC4, human calcium/calmodulin-dependent protein kinase <0.05 0.472 0.964 17
M2A2, human alpha-mannosidase IIX <0.025 0.438 0.987 42
FBN1, human fibrillin 1 precursor <0.025 0.386 0.413 18
KAC, human IG kappa chain c region <0.025 0.251 1.59 862
HPTR, human haptoglobin-related protein precursor <0.025 0.208 0.962 522
RB2B, human rab-like protein 2b <0.025 0.197 0.342 15 
SN24, human possible global transcription activator <0.025 –1. 40 0.505 11
APO A-IV, human apolipoprotein A-IV precursor <0.025 –0.975 0.850 11
MGD2, human melanoma-associated antigen d2 <0.025 –0.740 0.746 38
GRBE, human growth factor receptor-bound protein 14 <0.025 –0.730 1.77 58
YD54, human hypothetical protein kiaa1354 <0.05 –0.672 1.13 10
AACT, human alpha-1 antichymotrypsin precursor <0.025 –0.665 1.68 40
APO A-II, human apolipoprotein A-II precursor <0.025 –0.605 0.893 398
C4BP, human c4b-binding protein alpha chain precursor <0.025 –0.556 0.496 17
GC2, human IG gamma-2 chain c region <0.025 –0.553 0.985 102
APO C-III, human apolipoprotein C-III precursor <0.025 –0.529 0.707 79
HRG, human histidine-rich glycoprotein precursor <0.025 –0.515 1.01 194
HEP, human heparin cofactor II precursor <0.025 –0.459 0.545 11
A1BG, human alpha 1b glycoprotein <0.025 –0.430 0.820 134
CNRA, human rod cGMP-specific 3',5'-cyclic phosphodiesterase <0.025 –0.429 0.532 15
KNG, human kininogen precursor <0.025 –0.426 0.921 112
CERU, human ceruloplasmin precursor <0.025 –0.385 0.705 212
ZN91, human zinc finger protein 91 <0.025 –0.382 0.730 23
RSG2, human ras GTPase-activating protein 2 <0.025 –0.371 0.512 10
A1AT, human alpha-1-antitrypsin precursor <0.025 –0.320 0.961 1087
GC3, human IG gamma-3 chain c region <0.025 –0.316 0.786 223
MY15, human myosin xv (unconventional myosin-15) <0.05 –0.311 1.36 66
GC1, human IG gamma-1 chain c region <0.025 –0.297 1.44 939
CPSA, human cleavage and polyadenylation specificity region <0.05 –0.291 0.516 12
GC4, human IG gamma-4 chain c region <0.025 –0.283 1.15 542
VTNC, human viteronectin precursor <0.05 –0.282 0.758 25
PDX3, human thioredoxin-dependent peroxide reductase, <0.05 –0.277 0.760 30
CFAH, human complement factor h precursor <0.025 –0.268 0.496 30
PLMN, human plasminogen precursor (contains angiostatin) <0.025 –0.263 0.488 35
Z117, human zinc finger protein 117 <0.05 –0.263 0.605 18
TTHY, human transthyretin precursor <0.025 –0.259 1.17 839
A2MG, human alpha-2-macroglobulin precursor <0.025 –0.234 0.687 506
KAIN, human kallistatin precursor <0.025 –0.219 0.299 16
ITH2, human inter-alpha trypsin inhibitor heavy chain h <0.025 –0.213 0.701 48
LAC, human IG lambda chain c regions <0.025 –0.210 1.44 818
FA10, human coagulation factor x precursor <0.025 –0.207 0.256 14
PZP, human pregnancy zone protein precursor <0.025 –0.201 0.514 32

Protein names and descriptions are from the SEQUEST output. +Proteins with greater than 20%  change in pre- versus post-treatment samples. Log
ratios of many proteins had a standard deviation (SD) that was larger than the mean value (explanation in supplemental material).



Large-scale discovery of celecoxib-modulated proteins in
FAP serum samples using mass spectrometric data without
labeling. For the large-scale proteomic analysis of celecoxib-
modulated proteomic markers, PSCs from the pre- and post-
treatment runs were cross-compared (Figure 1A). This
approach resulted in an increase in the number of peptide
ratios that could be used for statistical analysis and included
variations in the peak areas between different runs from the
same sample and runs from different samples. Application of
the bioinformatics algorithm (described in Supplemental
Material) to the LC/LC/MS/MS data identified 45 proteins
with altered expression levels in the pre- versus post-
treatment samples (p>0.05) (Table I): nine of these proteins
showed increased expression, whereas 36 were down-

regulated following celecoxib treatment. It should be stressed
that these were average increases or decreases and it was
entirely possible for an individual to have no change or, for
example, even to have an opposite change in the serum level
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Figure 1. Large-scale proteomic analysis. A, Multiple comparisons of
serum samples: duplicate runs of each of the pre-treatment samples
were compared with the corresponding post-treatment runs from the
same patient and cross compared with the post-treatment runs of three
other patients. B, Distribution of the mean and standard deviation of the
log-ratios for selected celecoxib-modulated proteins: the ensemble of
log-ratios for each protein was from the scaled peak areas of peptide
salt charge (PSC) species that were common between pre- and post-
treatment samples. There were 12, 10, 12, 17, 42, 398, 58, 38, 11 and 11
log-ratios for Apo A through SN24, respectively.

Figure 2. Identification and relative quantification of Apo A-II. A, Tandem
mass spectrum derived by collision-induced dissociation of the (M +
2H)2+ precursor ion, m/z 1257.42. Fragment ions in the spectrum mainly
represent single-event preferential cleavage of peptide bonds resulting in
sequence information recorded from both N (b-ions) and C (y-ions)
termini of the peptides simultaneously. SEQUEST searches of the MS/MS
data against human database downloaded from National Center for
Biotechnology revealed the sequence KAGTELVNFLSYFVELGTQPATQ,
which is a tryptic peptide of the C-terminus of human Apo A-II. B,
Calculation of the peak area of a selected peptide in all four LC/MS
analyses for a single patient (A and B, pre-treatment; C and D, post
treatment). The reconstructed ion chromatogram of the peptide
KAGTELVNFLSYFVELGTQPATQ from Apo A-II shows the peak area
and base peak. Peak areas were calculated using Bioworks 3.1 software. 



of a protein in the post-treatment sample instead of the
predicted increase or decrease. Because this analysis cross-
compared all the pre- and post-treatment samples, variations
between samples in protein concentrations increased the
variance in the recorded log-ratios (Figure 1B). However, the
t-test identified those proteins whose log-ratios were
sufficiently different from zero while including the effect of
this inter-sample variance.

An example of down-regulation, Apo A-II is presented in
Figure 2 showing a tryptic peptide of Apo A-II identified
through fragmentation information using tandem mass
spectrometry and the fully automated SEQUEST search
algorithm. A comparison of the peak areas of peptide
KAGTELVNFLSYFVELGTQPATQ from Apo A-II before
and after treatment of a selected patient is displayed in the
panels A – D in Figure 2. 

Using another approach to identify candidate celecoxib-
modulated proteins, Table II displays celecoxib modulation
of another set of 38 proteins based upon the number of
identifications in pre-treatment or post-treatment serum
samples rather than the differences in the peak areas of
common peptides between the two categories. Of these, 14
might have been up-regulated while 24 might have been
down-regulated since the ratio of the number of PSC
observations in the post-treatment samples was at least four
times larger or smaller, respectively than those in the pre-
treatment samples. 

Validation of celecoxib-modulated proteins. Despite the
stringent statistical criteria used for the comparative protein
analysis, inaccurate identifications resulting from analytical
incompleteness and/or other technical issues inherent to mass
spectrometric identifications could not be ruled out. A few

selected proteins were therefore validated by Western blot
analysis. Figure 3A shows the expression levels of Apo A-IV,
Apo A-II, CD 72 and Prx-3 identified as down-regulated
proteins by the multiple comparison analysis (Table I). Western
blotting showed down-regulation of the proteins in the post-
treatment samples in four (Prx-3), three (Apo A-IV), and two
(Apo A-II, CD 72) out of the four pairs analyzed. However, as
expected and pointed out in the previous section, in some
cases, the expression was found to be either unchanged (Apo
A-II 435/257 and 387/274: CD 72, 435/247 and 233/361) or
even up-regulated (Apo A-IV, 233/361) in the post-treatment
versus pretreatment serum samples (Figure 3A). 

The attempts to validate many other celecoxib-modulated
proteins in the serum by Western blotting using multiple
antibodies were not successful. Examples included mTOR,
DNA ligase, ATM, and SMAD 2 (Tables I and II). The
presence of peptide fragments of these proteins in the serum
identified by LC/LC/MS/MS may be a consequence of
degradation and subsequent leakage into the serum. The
possibility of their modulation by celecoxib was therefore
tested in the Cox-2 expresser and non-expresser colorectal
cancer cell lines, HCA-7 and HCT-116 respectively. Western
blotting showed elevated expression of mTOR and DNA
ligase and decreased expression of ATM, especially at the
high dose of celecoxib. Thus, the altered expression in colon
cancer cell lines was in the same direction as identified by
the bioinformatics algorithm in the sera of the FAP patients
(Figure 3B and Tables I and II). The expression level of
SMAD2 was unaffected by celecoxib in HCT-116 cells,
whereas it was increased in the HCA-7 cell line.

Bioinformatics analysis using Gene Ontology and Ingenuity
Pathway Analysis Tool. The bioinformatics analysis of the
dataset of celecoxib-responsive proteins using Gene Ontology
showed representation from diverse cellular compartments
including low abundance proteins, such as those involved in
signal transduction, transcriptional regulation, and those with
antioxidant and transporter activities (Figure 4A). The IPA
(www.ingenuity.com) analysis showed that the significant
functional categories possibly affected by celecoxib included
cardiovascular system development/cardiovascular disease,
cell cycle and cell death (Figure 4B). Furthermore, Figure
4C shows network analysis of multiple members on the list
of potential celecoxib-modulated proteins (Tables I and II)
that are related through direct or indirect biochemical or
genetic interactions.

Discussion

In this pilot investigation, the label-free MS-based
quantitative profiling of serum samples from the
FAP/celecoxib clinical trial identified potential celecoxib-
responsive expression changes in many novel proteins, which
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Figure 3. Validation of proteomic markers by Western blotting. A, Serum
samples from FAP patients; B, Colorectal cancer cell lines.



have not previously been implicated in celecoxib-mediated
adenoma regression. A significant finding of this study was
the identification of several novel proteins including mTOR,
ATM, DNA ligase, and possibly SMAD2 as potential targets
for celecoxib modulation. The mammalian target of
rapamycin (mTOR), a protein serine-threonine kinase, is a
crucial member of complex biological pathways that respond

to growth factors and availability of nutrients and are involved
in cancer cell metabolism, cell cycle progression, and cellular
proliferation (20). The mTOR regulatory network is therefore
a target in clinical trials of various carcinomas. The ATM
kinase and DNA ligase are involved in DNA damage repair
with obvious implications in carcinogenesis (21, 22).
Similarly, the signaling of SMAD proteins, downstream of
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Table II. Celecoxib-modulated proteins in FAP serum samples based upon number of identifications

Protein Pre-treatment Post-treatment

Samples Patients PSCs Samples Patients PSCs

P2BC, human serine/threonine protein phosphatase 2b ca 2 1 2 7 4 9

K1CI, human keratin, type I cytoskeletal 9 cytokeratin 0 0 0 4 3 4

G3PT, human putative glyceraldehyde 3-phosphate dehydrogenase 0 0 0 4 3 4

KV3A, human IG kappa chain V-III region b6 0 0 0 4 3 4

K2C1, human keratin, type II cytoskeletal 1 cytokeratin 0 0 0 4 2 7

LUM, human lumican precursor 1 1 1 4 3 5

KV3G, human IG kappa chain V-III region 1 1 1 4 3 5

ASPH, human aspartyl/asparaginyl beta-hydroxylase 1 1 1 4 3 5

DNL3, human DNA ligase III 0 0 0 3 2 4

CLDA, human claudin-10 (osp like protein) 1 1 1 4 3 4

LV3B, human IG lambda chain V-III region 1 1 2 4 2 10

EOMD, human eomesodermin homolog 1 1 1 4 2 4

DT, human IG delta chain c region 1 1 1 4 2 4

NDR2, human ndrg2 protein 1 1 1 3 2 4

TX18, human t-box transcription factor 4 4 4 0 0 0

S611, human transport protein sec 61 alpha subunit 5 4 11 1 1 1

IF2P, human translation initiation factor IF2 4 3 5 0 0 0

EZH1, human enhancer of zeste homolog 1 (enx-2) 4 3 5 0 0 0

ORC1, human origin recognition complex subunit 1 4 3 4 0 0 0

COPP, human coatomer beta' subunit 4 3 4 1 1 1

PTND, human protein tyrosine phosphatase, non-receptor 3 3 4 0 0 0

HXCB, human homeobox protein hox-c11 3 3 5 0 0 1

DDX5, human probable RNA-dependent helicase p68 3 3 4 0 0 0

Z138, human zinc finger protein 138 3 3 4 0 0 0

SMAD2, human mothers against decapentaplegic homolog 2 3 3 4 0 0 0

CO2A, human coronin 2a 6 4 8 2 2 2

ATM, human serine-protein kinase (ataxia telangiectasia) 3 2 5 0 0 0

SEP7, human septin 7 (cdc10 protein homolog) 3 2 4 0 0 0

RYNR, human ryanodine receptor, skeletal muscle 3 2 4 0 0 0

KV1F, human IG kappa chain V-I region 3 2 4 0 0 0

HS76, human heat shock 70 kd protein 6 4 3 18 2 1 4

CD97, human leucocyte antigen cd97 precursor 2 2 6 1 1 1

MUCB, human IG mu heavy chain disease protein 2 2 5 0 0 0

OMGP, human oligodendrocyte-myelin glycoprotein precursor 2 2 4 0 0 0

FA12, human coagulation factor XII precursor 3 3 4 1 1 1

CD72, human b-cell differentiation antigen 2 2 5 0 0 0

JMJ, human jumonji protein 3 2 4 1 1 1

GKP3, human glycerol kinase, testis-specific 1 2 2 4 1 1 1

Protein names and descriptions are from the SEQUEST output. Higher numbers of PSCs of a particular protein in pre- versus post-treatment samples
of patients indicate down-regulation, whereas higher numbers in post- versus pre-treatment denote up-regulation by celecoxib.



TGF-β superfamily members, is also implicated in
carcinogenesis (23). Without the availability of adenoma
tissues from FAP patients, one way to unambiguously
demonstrate the effect of celecoxib on the expression levels of
specific proteins, identified in global proteomic profiles of
FAP serum samples, is through celecoxib-modulation of these
proteins and/or their transcripts in colorectal cancer cell lines.
We have previously shown regulation of mTOR, ATM, DNA
ligase, and SMAD 2 by celecoxib at the transcription level
(24) and of ATM and DNA ligase at the protein level by
isotope-coded affinity tag labeling (unpublished
observations). Celecoxib modulation of all four proteins,
which are highly relevant for carcinogenesis, in Cox-2
expresser and/or non-expresser colorectal cancer cell lines in
the present study (Tables I and II, Figure 3B) strongly
suggested that these proteins may be involved in celecoxib-
mediated adenoma regression in FAP patients. 

Celecoxib-modulation of the expression levels of Apo A-II
and Apo A-IV, considered to be potential markers of coronary
heart disease (CHD) (25, 26), in the post-treatment samples
of the FAP patients is noteworthy in the light of safety
concerns due to adverse cardiovascular events associated with
the long-term use of celecoxib (27-29). It should be
emphasized here that the celecoxib treatment of the FAP
patients was for six months and in a much younger patient
population (median age of FAP patients 39 years vs. 59 years
in sporadic adenomas trials) as opposed to three years in the
two adenoma recurrence trials (2, 3). A lack of uniform down-
regulation of potential markers of cardiac toxicity is not
surprising given the biological complexity of individual
responses of patients treated with celecoxib for a relatively
short duration and therefore can only be considered as
suggestive. Analysis of expression levels of Apo A-II, Apo A-
IV and other apolipoproteins in patients of clinical trials with
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Figure 4. Bioinformatics analysis of proteins identified by LC/LC/MS/MS analysis. A, Classification of 252 proteins within selected Gene Ontology
(GO) terms for biological processes and cellular components. B, Functional enrichment analysis of celecoxib-modulated proteins by Ingenuity
Pathway Analysis Tool. The functional terms 1-12 were identified for their significant enrichment levels using p-values calculated with right-tailed
fisher’s exact test. The threshold line in the graph corresponds to a p-value of 0. 05 as conventional cut-off. The functional terms above the threshold
line would be considered as significantly modulated by celecoxib. 1: cardiovascular system development, 2: hematological system development, 3:
cardiovascular disease, 4: hematological disease, 5: cell cycle, 6: cancer, 7: cell death, 8: immune response, 9: immune and lymphatic system
development, 10: immunological disease, 11: tumor morphology, 12: inflammatory disease. C, Network view of associated proteins created within
Ingenuity Pathway Analysis Tool (modified for clarity) with some of the celecoxib-modulated proteins. Red nodes: proteins up-regulated by celecoxib,
green nodes: proteins down-regulated by celecoxib; white nodes: proteins not in celecoxib-modulated list, but with evidence of association with
celecoxib-modulated proteins in the network annotated in Ingenuity database.



long-term treatment with high doses of celecoxib would be
useful for exploring if these apolipoproteins might serve as
valuable diagnostic markers to monitor cardiovascular toxicity. 

A possible association of adverse cardiovascular events
with celecoxib treatment was indicated by the IPA analysis
(Figure 4 B). Cell death was also one of the significant terms
identified that included five proteins, mTOR, ATM, PLG
(plasminogen), PTPN13 (Fas-associated protein tyrosine
phosphatase) and VTN (vitronectin), apparently modulated
by celecoxib. A sub-network of genes (Figure 4C), along
with their functional partners, is heavily involved in
cardiovascular development/cardiovascular disease, lipid
metabolism and molecular transport, processes that may be
directly relevant to celecoxib-associated cardiovascular
problems. Modulation of the expression levels of three
members of this network, Apo A-II, Apo A-IV, and mTOR,
was experimentally validated in some of the FAP serum
samples or in the colorectal cancer cell lines.

In conclusion, MS-based proteomic profiling of pre- and
post-treatment samples from FAP patients allowed
multiparametric measurements of serum proteins and, together
with the computational analysis, identified a wide range of
differentially expressed novel proteomic markers. Our study
provides evidence that celecoxib modulates the expression of
proteins originating from a wide range of biological classes and
molecular functions, some of which may be involved in
adenoma pathology and some may serve as indicators of
cardiovascular toxicity. Despite the small number of samples
in the study, the analysis provides a systems biology
perspective of the effects of celecoxib on physiological
processes that culminate in adenoma regression and may also
lead to cardiovascular toxicity. Future investigations validating
and characterizing the novel celecoxib-responsive proteins,
identified in this pilot study, would help clarify efficacy/toxicity
issues and to better understand the molecular targets of one of
the most widely used chemopreventive agents.

Acknowledgements

This project was funded in whole or in part with federal funds from
the National Cancer Institute, National Institutes of Health, under
Contract NO1-CO-12400. The content of this publication does not
necessarily reflect the views or policies of the Department of Health
and Human Services, nor does mention of trade names, commercial
products, or organizations imply endorsement by the United States
Government.

References

1 Steinbach G, Lynch PM, Phillips RK, Wallace MH, Hawk E,
Gordon GB, Wakabayashi N, Saunders B, ShenY, Fujimura T, Su
LK and Levin B: The effect of celecoxib, a cyclooxygenase-2
inhibitor, in familial adenomatous polyposis. N Engl J Med 342:
1946-1952, 2000.

2 Bertagnolli MM, Eagle CJ, Zauber AG, Redston M, Solomon
SD, Kim K, Tang J, Rosenstein RB, Wittes J, Corle D, Hess TM,
Woloj GM, Boisserie F, Anderson WF, Viner JL, Bagheri D,
Burn J, Chung DC, Dewar T, Foley TR, Hoffman N, Macrae F,
Pruitt RE, Saltzman JR, Salzberg B, Sylwestrowicz T, Gordon
GB and Hawk ET: Celecoxib for the prevention of sporadic
colorectal adenomas. N Engl J Med 355: 873-884, 2006.

3 Arber N, Eagle CJ, Spicak J, Racz I, Dite P, Hajer J, Zavoral M,
Lechuga MJ, Gerletti P, Tang J, Rosenstein RB, Macdonald K,
Bhadra P, Fowler R, Wittes J, Zauber AG, Solomon SD and
Levin B: Celecoxib for the prevention of colorectal adenomatous
polyps. N Engl J Med 355: 885-895, 2006.

4 Echan LA, Tang HY, Ali-Khan N, Lee K and Speicher DW:
Depletion of multiple high-abundance proteins improves protein
profiling capacities of human serum and plasma. Proteomics 5:
3292-3303, 2005.

5 Fountoulakis M, Juranville JF, Jiang L, Avila D, Roder D, Jakob
P, Berndt P, Evers S and Langen H: Depletion of the high-
abundance plasma proteins. Amino Acids 27: 249-259, 2004.

6 Omenn GS, States DJ, Adamski M, Blackwell TW, Menon R,
Hermjakob H, Apweiler R, Haab BB, Simpson RJ, Eddes JS,
Kapp EA, Moritz RL, Chan DW, Rai AJ, Admon A, Aebersold
R, Eng J, Hancock WS, Hefta SA, Meyer H, Paik YK, Yoo JS,
Ping P, Pounds J, Adkins J, Qian X, Wang R, Wasinger V, Wu
CY, Zhao X, Zeng R, Archakov A, Tsugita A, Beer I, Pandey A,
Pisano M, Andrews P, Tammen H, Speicher DW and Hanash
SM: Overview of the HUPO Plasma Proteome Project: results
from the pilot phase with 35 collaborating laboratories and
multiple analytical groups, generating a core dataset of 3,020
proteins and a publicly-available database. Proteomics 5: 3226-
3245, 2005.

7 States DJ, Omenn GS, Blackwell TW, Fermin D, Eng J,
Speicher DW and Hanash SM: Challenges in deriving high-
confidence protein identifications from data gathered by a HUPO
plasma proteome collaborative study. Nat Biotechnol 24: 333-
338, 2006.

8 Yao X, Freas A, Ramirez J, Demirev PA and Fenselau C:
Proteolytic 18O labeling for comparative proteomics: model
studies with two serotypes of adenovirus. Anal Chem 73: 2836-
2842, 2001.

9 Zhou H, Ranish JA, Watts JD and Aebersold R: Quantitative
proteome analysis by solid-phase isotope tagging and mass
spectrometry. Nat Biotechnol 20: 512-515, 2002.

10 Zhang B, VerBerkmoes NC, Langston MA, Uberbacher E,
Hettich RL and Samatova NF: Detecting differential and
correlated protein expression in label-free shotgun proteomics.
J Proteome Res 5: 2909-2918, 2006.

11 Wang G, Wu WW, Zeng W, Chou CL and Shen RF: Label-free
protein quantification using LC-coupled ion trap or FT mass
spectrometry: reproducibility, linearity and application with
complex proteomes. J Proteome Res 5: 1214-1223, 2006.

12 Ono M, Shitashige M, Honda K, Isobe T, Kuwabara H,
Matsuzuki H, Hirohashi S and Yamada T: Label-free quantitative
proteomics using large peptide data sets generated by nanoflow
liquid chromatography and mass spectrometry. Mol Cell
Proteomics 5: 1338-1347, 2006.

13 Tang H, Arnold RJ, Alves P, Xun Z, Clemmer DE, Novotny MV,
Reilly JP and Radivojac P: A computational approach toward
label-free protein quantification using predicted peptide
detectability. Bioinformatics 22: e481-488, 2006.

CANCER GENOMICS & PROTEOMICS 6: 41-50 (2009)

48



14 Callister SJ, Barry RC, Adkins JN, Johnson ET, Qian WJ, Webb-
Robertson BJ, Smith RD and Lipton MS: Normalization
approaches for removing systematic biases associated with mass
spectrometry and label-free proteomics. J Proteome Res 5: 277-
286, 2006.

15 Lou J, Fatima N, Xiao Z, Stauffer S, Smythers G, Greenwald P
and Ali IU: Proteomic profiling identifies cyclooxygenase-2-
independent global proteomic changes by celecoxib in colorectal
cancer cells. Cancer Epidemiol Biomarkers Prev 15: 1598-1606,
2006.

16 Chelius D and Bondarenko PV: Quantitative profiling of proteins
in complex mixtures using liquid chromatography and mass
spectrometry. J Proteome Res 1: 317-323, 2002.

17 Chelius D, Zhang T, Wang G and Shen RF: Global protein
identification and quantification technology using two-
dimensional liquid chromatography nanospray mass spectrometry.
Anal Chem 75: 6658-6665, 2003.

18 Bondarenko PV, Chelius D and Shaler TA: Identification and
relative quantitation of protein mixtures by enzymatic digestion
followed by capillary reversed-phase liquid chromatography-
tandem mass spectrometry. Anal Chem 74: 4741-4749, 2002.

19 Yi M, Horton JD, Cohen JC, Hobbs HH and Stephens RM:
WholePathwayScope: a comprehensive pathway-based analysis
tool for high-throughput data. BMC Bioinformatics 7: 30, 2006.

20 Chiang GG and Abraham RT: Targeting the mTOR signaling
network in cancer. Trends Mol Med 13: 433-442, 2007.

21 Kitagawa R and Kastan MB: The ATM-dependent DNA damage
signaling pathway. Cold Spring Harb Symp Quant Biol 70: 99-
109, 2005.

22 Sweasy JB, Lang T and DiMaio D: Is base excision repair a
tumor suppressor mechanism? Cell Cycle 5: 250-259, 2006.

23 Javelaud D and Mauviel A: Crosstalk mechanisms between the
mitogen-activated protein kinase pathways and Smad signaling
downstream of TGF-beta: implications for carcinogenesis.
Oncogene 24: 5742-5750, 2005.

24 Fatima N, Yi M, Ajaz S, Stephens RM, Stauffer S, Greenwald P,
Munroe DJ and Ali IU: Altered gene expression profiles define
pathways in colorectal cancer cell lines affected by celecoxib.
Cancer Epidemiol Biomarkers Prev 17: 3051-3061, 2008.

25 Berhane BT, Zong C, Liem DA, Huang A, Le S, Edmondson
RD, Jones RC, Qiao X, Whitelegge JP, Ping P and Vondriska
TM: Cardiovascular-related proteins identified in human plasma
by the HUPO Plasma Proteome Project pilot phase. Proteomics
5: 3520-3530, 2005.

26 Pedersen TR, Olsson AG, Faergeman O, Kjekshus J, Wedel H,
Berg K, Wilhelmsen L, Haghfelt T, Thorgeirsson G, Pyorala K,
Miettinen T, Christophersen B, Tobert JA, Musliner TA and
Cook TJ: Lipoprotein changes and reduction in the incidence of
major coronary heart disease events in the Scandinavian
Simvastatin Survival Study (4S). Circulation 97: 1453-1460,
1998.

27 Psaty BM and Furberg CD: COX-2 inhibitors–lessons in drug
safety. N Engl J Med 352: 1133-1135, 2005.

28 Solomon SD, McMurray JJ, Pfeffer MA, Wittes J, Fowler R,
Finn P, Anderson WF, Zauber A, Hawk E and Bertagnolli M:
Cardiovascular risk associated with celecoxib in a clinical trial
for colorectal adenoma prevention. N Engl J Med 352: 1071-
1080, 2005.

29 Brophy JM: Celecoxib and cardiovascular risks. Expert Opin
Drug Saf 4: 1005-1015, 2005.

Received September 8, 2008
Revised November 14, 2008
Accepted December 4, 2008

Fatima et al: Celecoxib-modulated Serum Proteins in FAP Patients

49



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 793.701]
>> setpagedevice


